Several neurotrophic factors (NTFs) are effective in protecting retinal photoreceptor cells from the damaging effects of constant light and slowing the rate of inherited photoreceptor degenerations. It is currently unclear whether, if continuously available, all NTFs can be protective for many or most retinal degenerations (RDs). We have used transgenic mice that continuously overexpress the neurotrophin, NT-3, from lens fibers under the control of the αA-crystallin promoter to test for neuroprotection in light-damage experiments and in four naturally occurring or transgenically induced RDs in mice. Lens-specific expression of NT-3 mRNA was demonstrated both by in situ hybridization in embryos and by RT-PCR in adult mice. Furthermore, NT-3 protein was found in abundance in the lens, ocular fluids and retina by ELISA and immunocytochemistry. Overexpression of NT-3 had no adverse effects on the structure or function of the retina for up to at least 14 months of age. Mice expressing the NT-3 transgene were protected from the damaging effects of constant light to a much greater degree than those receiving bolus injections of NT-3. When the NT-3 transgene was transferred into rd/rd, Rds/+, Q344ter mutant rhodopsin or Mertk knockout mice, overexpression of NT-3 had no protective effect on the RDs in these mice. Thus, specificity of the neuroprotective effect of NT-3 is clearly demonstrated, and different molecular mechanisms are inferred to mediate the protective effect in light-induced and inherited RDs. 
Inherited and age-related retinal degenerations (RDs) of photoreceptor (PR) cells have little or no effective treatment. The slowing of PR degeneration by the application of neurotrophic factors (NTFs) to degenerating retinas has raised the possibility that a pharmaceutical approach may be developed. This was demonstrated first by the significant slowing of PR degeneration following the intravitreal injection of bFGF (FGF-2) into RCS rats with inherited retinal dystrophy (Faktorovich et al., 1990) . Soon thereafter, it was shown that a number of growth factors, neurotrophins and cytokines can protect the retina from the damaging effects of light (Faktorovich et al., 1992; LaVail et al., 1992) .
The question of which survival factors, if any, would be effective in slowing PR cell death in inherited RDs was partially addressed by the demonstration that some agents could slow the progression of PR degeneration in three different mouse models, two of which had the same gene defects as different forms of human retinitis pigmentosa (LaVail et al., 1998) . Neuronal specificity in localization and action of NTFs in the nervous system is widely accepted, but determining the selectivity of survival-promoting action in different RDs in mice is hampered by the inability to inject consistent doses intravitreally into the small eye of young mice (LaVail et al., 1998) and the relatively short half-life of the NTFs relative to the rate of PR degeneration (Cayouette et al., 1998) . In fact, when CNTF is injected intravitreally into the eye of Rds/Rds (Rds2) mice, no protective effect is seen (Cayouette et al., 1998; LaVail et al., 1998 ), yet when the same agent is delivered continuously by retinal cells transduced with cDNA for CNTF by either adenovirus (Cayouette et al., 1998) or adeno-associated virus (AAV) (Bok et al., 2002; Liang et al., 2001a) vectors, the degeneration in Rds/Rds mice is slowed.
Continuous delivery of NTFs appears to have a significantly greater survival-promoting effect in several RDs than does direct injection of the proteins. For example, in experiments where bFGF, GDNF or BDNF were injected into the eyes of transgenic (Tg) rats with either P23H or S334ter mutant rhodopsin, virtually no protection from PR cell death was seen (W.M. Peterson, M.M. LaVail, J.G. Flannery and W.W. Hauswirth, unpublished observations). In contrast, continuous, gene-based delivery using AAV vectors to express bFGF (Lau et al., 2000) , GDNF (McGee Sanftner et al., 2001) or BDNF (W.M. Peterson, M.M., LaVail, J.G., Flannery and W.W. Hauswirth, unpublished observations) gave clear PR protection. Similarly, intravitreal injection of BDNF in Q344ter mutant rhodopsin Tg mice gave no protection (LaVail et al., 1998) , but transgenically overexpressed BDNF gave definite protection in the same line of mice (Okoye et al., 2003) . These observations, along with the fact that continuous delivery of CNTF has protected PRs in every form of RD that has been examined in several different species (Bok et al., 2002; Cayouette et al., 1998; Cayouette and Gravel, 1997; Liang et al., 2001a; Liang et al., 2001b; Tao et al., 2002; Wang et al., 2002) , raises the question of whether specificity exists and whether any continuously available NTF will show survival-promoting activity in various PR degenerations. We have tested this hypothesis by the use of Tg mice that continuously overexpress the neurotrophin, NT-3, from the lens in light-damage experiments and in four mouse models of inherited RD.
MATERIALS AND METHODS

Generation and screening of NT-3 Tg mice
All procedures with mice adhered to the Policies on the Use of Animals in Neuroscience Research and the IACUC and animal research committees at our respective institutions. Tg mice expressing NT-3 from the lens were generated using an αA-crystallin NT-3 minigene. To generate this minigene, a plasmid containing a rat NT-3 clone, pSP70/rNT3, was obtained from Murray Robinson (Amgen, Inc., Thousand Oaks, CA) . (Maisonpierre et al., 1990) . The 800bp XhoI NT-3 fragment from pSP70/rNT-3 was subcloned into the Sal I site of the crystallin promoter vector CPV2. CPV2 contains the −288/+43 αA-crystallin promoter at the 5' end and SV40 intron and polyadenylation sequences at the 3' end (Robinson et al., 1995b) . Correct orientation of the insert was confirmed by restriction mapping. The 2133 bp microinjection fragment was gel isolated following digestion with Sst II (Gibco/BRL). FVB/N strain mouse embryos were injected with DNA at a concentration of 2 ng/µl as described by Robinson et al. (1995b) . Potential Tg mice were screened using the polymerase chain reaction (PCR) on genomic DNA from tail biopsies. The primers used for PCR include the following: Pr4 (GCATTCCAGCTGCTGACGGT), a sense primer to the murine αA-crystallin promoter and 19933 (TTGACTGGCCTGGCTTCTTTACACCT), an antisense primer to rat NT-3. Mice were also screened using primers SV40A (GTGAAGGAACCTTACTTCTGTGGTG) and SV40B (GTCCTTGGGGTCTTCTACCTTTCTC), which span the intron in the SV40-derived sequences. Eight independent lines of Tg mice were produced, of which two (OVE613 and OVE614) were maintained for analysis.
RT-PCR
Transgenic mice on an FVB/N (rd/rd) genetic background were crossed to non-transgenic C57BL/6 mice to generate F1-hybrid mice that were heterozygous for the recessive rd mutation. Seven-week-old mice were euthanized and eyes were removed and dissected into lens and eye-without-lens fractions. Total RNA was isolated from each of these fractions using Trizol reagent (Invitrogen). Two µg of total lens RNA from each sample were reverse transcribed using Superscript II (Invitrogen), and the resultant cDNA was amplified by PCR using primers SV40A and SV40B (described above) as described previously (Robinson et al., 1995b) . These primers amplify a 236 bp fragment diagnostic for correctly spliced transgene transcripts that is distinct from the 300 bp genomic band.
In situ hybridization to demonstrate localization of NT-3 mRNA expression Embryonic heads were collected from timed pregnancies at 14.5 days post-coitus (E14.5), fixed in paraformaldehyde and embedded in paraffin wax. Tissue sections of 5 µm thickness were collected on Superfrost-Plus (Fisher Scientific) charged slides and hybridized to 35 Slabeled riboprobes containing the SV40 sequences as described previously (Robinson et al., 1995b) .
Measurement of NT-3 by ELISA
Standard ELISA methods were used to measure the amount of NT-3 in the lens, ocular fluids (vitreous and aqueous humor combined due to the very small vitreous of the mouse eye) and retina. Both lenses from a single mouse were pooled for measurement, as were the retinas and ocular fluids. The lenses and retinas were homogenized in 100 µl of buffer to extract the NT-3, so the values are expressed in ng/ml tissue in all cases. The values for each animal were the mean of duplicates determined from a standard curve in each ELISA run. The limits of quantification for the standard curve were 5 ng/ml (upper) and 0.04 ng/ml (lower). Measurements of NT-3 concentration were made both when the mice were on the original FVB/N strain and after they had been crossed to BALB/cByJ mice (see below). NT-3 ELISA measurements were performed by the Cell Biology Group at Regeneron Pharmaceuticals, Inc. without knowledge of the genotype.
Immunocytochemical localization of NT-3 in the lens and retina
Tg and non-Tg mice were intracardially perfused with 4% paraformaldehyde for 4 minutes immediately after euthanasia. Whole eyes were then taken and fixed in 4% paraformaldehyde for 1 hour. Tissues were cryoprotected with 30% sucrose in 0.1M phosphate buffer (pH 7.4), embedded in OCT, and sectioned at 10 µm on a cryostat. Specimens were labeled with goat anti-human NT-3 antibody of the IgG isotype (R&D Systems, Minneapolis, MN, catalog #AF-267-NA) at 10 µg/ml at 4°C overnight. This antibody was produced in goats immunized with purified, insect cell line Sf 21-derived, recombinant human Neurotrophin-3 (rhNT-3). NT-3 specific IgG was purified by NT-3 affinity chromatography. Based on the manufacturer's datasheet, human, rat and mouse NT-3 propeptides are 91% identical in amino acid sequence, and the antibody is demonstrated to cross-react by immunocytochemistry with rat cerebellum. The secondary antibody was a Cy3-conjugated AffiniPure donkey anti-goat IgG (Jackson ImmunoResearch, West Grove, PA, catalog #705-165-147), incubated at room temperature for 1 hour at a dilution of 1:500. Blocking reagent consisting of 10% normal donkey serum (Jackson ImmunoResearch, West Grove, PA) and 0.1% Triton X-100 (Sigma-Aldrich, St. Louis, MO) in PBS was applied prior to antibody incubations. Controls for the specificity of the primary antibody to NT-3 included 1) the staining pattern of NT-3 in the retina and lens was identical to that described previously in the mouse by Bennett et al. (1999) ; 2) Purkinje cells of mouse cerebella were examined at the same time and were found to be intensely stained (data not shown), which matched the pattern described for NT-3 staining of the rat cerebellum in the manufacturer's datasheet; and 3) the lenses of the NT-3 Tg mice showed intense staining, whereas those of non-Tg mice showed none. Immunostaining was also performed with omission of the primary antibody to test for nonspecific binding of secondary antibody. Specimens were examined with a Zeiss LSM 5 Pascal confocal microscope.
Crosses of NT-3 Tg mice
FVB/N mice are homozygous for the rd mutation (now Pde6b rd1 ), so the NT-3 transgene in OVE613 mice was moved onto an albino BALB/cByJ (Jackson Laboratory, Bar Harbor, ME) genetic background prior to doing studies of the retina. At each generation of backcrossing, mice carrying the NT-3 transgene were identified by PCR and backcrossed to BALB/cByJ mice. Litters of albino mice, each with approximately 50% NT-3 Tg and 50% non-Tg mice, were used for constant-light experiments after 1-3 backcrosses to BALB/cByJ mice. Some of these NT-3 Tg mice were mated to the mice with inherited RDs.
Q344ter Tg mice express a truncated rhodopsin missing the last 5 residues from the carboxy terminus (Sung et al., 1994) , which results in a dominant loss of PR cells between postnatal day (P) 10 to P20. At P20, the ONL is reduced from 9-10 rows of PR nuclei in wild-type mice to 0-1 row in Q344ter mutants. To study the protective effect of NT-3 overexpression on Q344ter mice, NT-3 Tg mice were crossed with Q344ter Tg mice. This cross resulted in 4 genotypes that were distinguished by PCR, using the method described above to identify the NT-3 transgene and the primers and protocol described elsewhere for the Q344ter transgene (Sung et al., 1994) . Only those mice carrying the Q344ter transgene were studied (approximately 50% of the total). Of these, approximately 50% carried the NT-3 transgene and the other 50% did not and served as controls. The retinas from P20 animals were examined histologically to determine if overexpression of NT-3 slowed the rate of RD in the Q344ter/+ mice. The Q344ter mice had been maintained by backcrossing to the pigmented C57BL/6J strain for at least 5 generations, and the NT-3 Tg mice were from the first backcross generation to BALB/cByJ so all of these experimental mice were pigmented.
The rd/rd mouse (Pde6b rd1 ) has a similar rate of degeneration to that of the Q344ter Tg mouse, with only 0-1 rows of PR nuclei remaining at P20 (LaVail and Sidman, 1974) . PR cell death results from mutations in the gene encoding the beta subunit of cGMP-PDE (Reviewed in Chang et al., 2002) . NT-3 Tg mice were mated to rd/rd mice. Since the rd gene is recessive, the F1 mice that carried the NT-3 transgene were backcrossed to rd/rd mice, which resulted in 4 predicted genotypes that were distinguished by PCR to identify those carrying the NT-3 transgene (which were almost exactly 50% of the progeny) and eye histology at P20 to identify those homozygous for the rd gene (also almost exactly 50% of the progeny). Of the rd/rd progeny, almost exactly 50% were NT-3 Tg and 50% non-Tg. Thus, the rd/rd phenotype provided a reliable indicator for the rd/rd genotypes, as it is highly unlikely that NT-3 overexpression would have slowed the RD in the rd/rd retinas to the extent they could have been misidentified as normal, wild-type retinas, since this is unprecedented in the literature of RDs and neuroprotective agents. Moreover, this would have led to a deficit in the expected 50% of rd/rd animals, which was not the case. The rd/rd mice used for the experimental crosses were on a pigmented background congenic with C57BL/6J at the F25 generation. The NT-3 Tg mice were at the N4 backcross generation with BALB/cJ. Both experimental crosses produced all pigmented progeny.
The Rds mouse (Prph2 Rd2 ), originally named retinal degeneration slow because of its slow PR degeneration over the course of a year (Sanyal et al., 1980) , shows semidominant inheritance (Hawkins et al., 1985) , as heterozygotes have an intermediate degree of RD. Homozygotes fail to produce the outer segment protein, Rds/peripherin (Travis et al., 1991) and develop no mature PR outer segments, whereas Rds/+ heterozygotes develop disorganized outer segments (Hawkins et al., 1985) . NT-3 Tg mice were mated to Rds/Rds mice to produce all Rds/+ offspring. The offspring were genotyped for NT-3 by PCR, and retinas were examined histologically at P55-P60, when a significant difference can be seen between ONL thickness of Rds/+ and wild-type mice in the peripheral retina (Hawkins et al., 1985) . The albino Rds/Rds mice used for the experimental cross were at the F38 generation on the O20/A strain, and albino NT-3 Tg mice were from the first backcross generation to BALB/cByJ. All experimental mice were albinos.
The Mertk knockout mouse (mertk kd /mertk kd ) has a defect in the phagocytosis of rod outer segments by the retinal pigment epithelium, which leads to secondary death of PRs (Duncan et al., 2003) . The knockout shows recessive inheritance, so the crosses to produce mertk kd homozygotes with 50% NT-3 Tg and 50% non-Tg, and the methods to identify the different genotypes, were the same as described above for the rd/rd mouse. The retinas were examined at P40, when only 2-3 rows of PR nuclei remain. The Mertk knockout mice were maintained on a mostly C57BL/6J background, with the experimental crosses using mice at the N4 backcross generation, and the NT-3 Tg mice were at the N12 backcross generation to BALB/cByJ. All of the progeny used for experiments were pigmented.
Light-damage experiments
Light-induced RD was produced in albino mice by exposing them to 2 or 3 wks of constant fluorescent light at an illuminance of approximately 115-150 ft-c as described elsewhere (Faktorovich et al., 1992) . In the case of NT-3 Tg and non-Tg mice, littermates were exposed in the same cage to insure that the mice of both genotypes received the same irradiance. To compare Tg overexpression of NT-3 with intravitreal injection of NT-3, BALB/cByJ mice were injected intravitreally with 1 µl NT-3 (6.25 mg/ml; courtesy of Regeneron Pharmaceuticals, Inc., Tarrytown, NY) into one eye, as described elsewhere (LaVail et al., 1998) , with the other eye either uninjected or injected with PBS buffer as a control. Two days after injection, these wild-type mice were exposed to constant light using the same duration and intensity of light as with the NT-3 Tg mice.
Electroretinography, histology and morphometric analysis
Full-field scotopic and photopic electroretinograms were recorded from selected anesthetized mice following appropriate flashes of light to determine the functional status of the retina using standard methods as described elsewhere (Bok et al., 2002; Duncan et al., 2003) .
At different ages, mice were killed with carbon dioxide inhalation and immediately perfused intracardially with a mixture of 2% paraformaldehyde and 2.5% glutaraldehyde. The eyes were removed, bisected along the vertical meridian, postfixed in osmium tetroxide and embedded in an Epon-Araldite mixture. Sections of the entire retina were cut at 1-µm thickness and stained with toluidine blue, as described elsewhere (LaVail and Battelle, 1975) . The thickness of the outer nuclear layer (ONL) was taken as a measure of PR number (Michon et al., 1991) , and the mean ONL thickness was obtained from 54 measurements distributed uniformly around the retina, as described elsewhere (Duncan et al., 2003; LaVail et al., 1987b) . As described below, in the case of the Rds/+ mice, only the 6 measurements in the far peripheral retina in both the superior and inferior hemispheres (i.e., a total of 12 measurements in each eye) were used for comparison. Statistical comparisons of Tg and non-Tg retinas were done with a two-tailed, unpaired Student's t-test.
For comparison of the protection afforded by injection of NT-3 versus overexpression of NT-3 in Tg mice, we used a relative measure of protection. This is necessary because the degree of light damage can vary significantly in animals of different genetic backgrounds (Danciger et al., 2000; LaVail et al., 1987a) (Reviewed in LaVail et al., 1987b) . The Tg mice and injected mice were housed in different lighting conditions prior to constant light exposure, and light-damage experiments of the two groups were done about 8 mo apart. Since light damage is symmetrical in the two eyes of a given animal , the mean ONL thickness in the injected eye was compared to that of the uninjected control eye of the same mouse, and the degree of protection in the injected eye was expressed as percent greater than control ONL. Statistical comparisons of the injected and control retinas were done with a two-tailed, paired Student's t-test, and an unpaired t-test was used to compare the percent differences of protection afforded by the injected NT-3 and the transgenic NT-3.
For the preparation of photomicrographic figures, Adobe Photoshop CS (Adobe Systems, San Jose, CA) was used to adjust the contrast, brightness and sharpness.
RESULTS
Creation and initial characterization of transgenic lines
To increase the ocular concentration of NT-3 in the developing mouse eye, a transgene expression construct was designed by cloning a cDNA for rat NT-3 into the lens expression vector CPV2 (Robinson et al., 1995b) , between the murine αA-crystallin promoter and the intron and polyadenylation sequences derived from SV-40 virus (Fig. 1) . Eight transgenic founders were identified by PCR. RNA was isolated from one lens of each founder and transgene expression was assessed by RT-PCR using primers SV40A and SV40B. All eight founders demonstrated evidence of correctly spliced Tg transcripts (data not shown). None of the founder mice had cataracts, but the founders for the transgenic lines OVE613 and OVE614 exhibited corneal abnormalities (small blebs near the limbus of the eye) that became more prominent with age. Since both of these independent transgenic lines exhibited a similar ocular phenotype, we reasoned that the phenotype was almost certainly the result of transgene expression and not caused by random insertional mutations. Furthermore, since the founders for OVE613 and OVE614 were the only ones that exhibited an obvious eye phenotype, we reasoned that these founders most likely had the highest expression of NT-3 protein. Therefore, transgenic lines were established for both the OVE613 and OVE614 founders. The corneal phenotypes were maintained in Tg offspring from both lines. This corneal phenotype will be described in detail elsewhere.
Transgene expression in E14.5 embryos was evaluated in lines OVE613 and OVE614 by in situ hybridization using 35 S-labeled riboprobes specific for the transgenic transcripts. Ocular transgene expression in OVE613 was confined to the lens fiber cells, with no transgene expression detected in the neural retina (Fig. 2) . The pattern of transgene expression in OVE614 was identical to that of OVE613 (data not shown). Fiber cell-specific expression is typical in transgenes under the regulation of the murine αA-crystallin promoter (Robinson et al., 1995a; Robinson et al., 1995b; Shirke et al., 2001) . Southern hybridizations showed that lines OVE613 and OVE614 have a similar number of copies of the transgene integrated at a single genomic location (data not shown).
Transgene expression in the eyes of 7-wk-old mice was assayed by RT-PCR. As shown in Figure 3 , the transgenic transcript was detected in the lenses, but not in the retina or other parts of the eye in both OVE613 and OVE614 lines. It is likely that homozygous Tg mice from both of these lines die during embryogenesis, since viable homozygotes have not been identified in offspring from Tg to Tg brother × sister mating.
Elevated levels of NT-3 in the eye
NT-3 levels were measured by ELISA in the lens, ocular fluids and retina of 10 week old mice from OVE613 (Fig. 4) and OVE614 (data not shown). Tg mice from both lines had greater than normal ocular levels. Although the ELISA does not distinguish endogenous from transgene-derived NT-3, the level of NT-3 in the Tg lens was approximately 40-fold higher than that detected in the non-Tg lens. The level of NT-3 detected in the Tg neural retina was 2-fold higher than that detected in the non-Tg retina. The higher than wild-type levels of NT-3 seen in the retina and ocular fluids of the Tg mice suggested that NT-3 was being secreted from the lens through the lens capsule and into the ocular media. This notion is supported by the presence of corneal abnormalities in these mice despite the fact that the cornea does not express the transgene. Despite expressing appreciable amounts of NT-3, lenses from OVE613 and OVE614 mice remain clear, without cataracts, even in animals over one year of age. It is unclear why more NT-3 was found in the retina than in the ocular fluids (Fig. 4) . Explanations include possible binding and concentration of the lens-derived NT-3 by the retina, the inclusion of endogenous NT-3 in the measurements, and the technical difficulty of obtaining ocular fluids in the mouse eye, which gives a much higher variability to these measurements than those of the retina (Fig. 4) . The levels of NT-3 expression were similar for lines OVE613 and OVE614 (data not shown). Line OVE613 was used for the neuroprotection studies.
Immunocytochemical localization of NT-3 in the eyes of wild-type mice showed virtually no detectable NT-3 in the lens (Fig. 5G) , but a small to moderate level of immunoreactivity was found in the inner retina (Fig. 5B) . The immunoreactivity was primarily restricted to the retinal ganglion cell cytoplasm, the cytoplasm of some cells of the inner nuclear layer, the inner and outer plexiform layers and optic nerve fiber layer. Little or no NT-3 was found in the outer nuclear layer or among the photoreceptor inner segments (Fig. 5B) . NT-3 has previously been shown to be expressed in some amacrine cells and scattered retinal ganglion cells in the normal mouse eye, similar to our present findings, and an absence of NT-3 expression is found in the lens at all stages of development (Bennett et al., 1999) . In the NT-3 Tg mice, strong immunoreactivity was present in the lens fibers, although not in the lens epithelium (Fig. 5F ). Much stronger immunoreactivity was found in the retinas of these mice (Fig. 5A ) compared to that in the non-Tg mice (Fig. 5B) , although the localization was almost the same. In the Tg mouse retinas a small amount of immunoreactivity appeared to be present in the Müller cells or PR processes in the ONL (Fig. 5A) . Immunoreactivity in both Tg and non-Tg retinas was present at 5, 8 and 14 months of age.
Overexpression of NT-3 has no negative effect on the outer retina
We have examined at least 50 NT-3 Tg mice microscopically ranging in age from P20 to 14 months of age, and in every case the outer retina appeared normal ( Fig. 5A and D; Fig. 7A ). The number of PR nuclei based on ONL thickness also was indistinguishable from that of wild-type (data not shown).
The retinas of NT-3 Tg mice also appear functionally normal when measured by the ERG. At least 3 Tg and 3 non-Tg mice have been examined both at P60 and P180, and the ERG responses from the Tg mice were indistinguishable in threshold, amplitude and timing from the responses of wild-type littermates. Representative scotopic and photopic ERG waveforms of Tg and non-Tg mice at P180 are shown in Fig. 6 .
The apparent absence of structural or functional outer retinal abnormalities in the NT-3 Tg mouse retinas was evident despite the overexpression of NT-3 beginning at embryonic day 12.5 (Overbeek et al., 1985) . It should be noted, however, that the NT-3 Tg mouse retinas exhibit accelerated retinal ganglion cell laminar refinement before eye opening, with an increase in dendritic branching and inhibition of dendritic elongation in ON 
Overexpression of NT-3 protects photoreceptors from constant light damage
When groups of albino Tg and non-Tg littermates were exposed to constant light for 2-or 3-wk periods, the presence of the Tg slowed the rate of PR loss ( Fig. 7 and Fig. 8 ). Constant light exposure in non-Tg mice caused the loss of PR cells as expected (LaVail et al., 1987a; LaVail et al., 1987b; LaVail et al., 1987c) . After 2 wk in constant light, more than 50% of the PRs were lost, and the ONL layer contained about 3-4 rows of nuclei, or about 14-18 µm in thickness (Fig. 8A) . After 3 wk of constant light, the ONL was reduced to about 1-2 rows of nuclei (Fig. 7C ), or about 6-10 µm in thickness (Fig. 8A) . In NT-3 Tg littermates, many more PR nuclei survive. After 2 wk in constant light, about 73% more PRs were present than in non-Tg littermates (Fig. 8A) , and after 3 wk of constant light, the number of surviving PR nuclei was 2-to 3-fold the number in non-Tg littermates (Fig. 7A,  7C and Fig. 8A ). At both the 2-wk (data not shown) and 3-wk ( Fig. 7B and C) exposure period, more PR inner segments survived in the Tg mouse retinas. We have repeated the light damage study on an additional group of OVE613 mice, as well as a group (n=23) of OVE614 mice, with virtually the same results (data not shown).
To compare Tg overexpression of NT-3 with intravitreal injection of NT-3, BALB/cByJ mice of the same age (P58) were injected with NT-3, then 2 days later placed into constant light for either 2 or 3 wks. As shown in Fig. 8B , the injected NT-3 afforded relatively marginal protection. After 2 wk of constant light, about 29% more PR nuclei survived than in uninjected control mice, and after 3 wk of constant light, about 25% more PRs survived (Fig. 8B) . This relatively minimal protection by injected NT-3 is virtually identical to that seen in the light-damaged albino rat . By contrast, in the NT-3 Tg mice about 72% and 161% more PRs survived than in control eyes after 2 wk and 3 wk of constant light, respectively (Fig. 8B) . Thus, continuous expression of NT-3 from the lens provides a much greater degree of protection from constant light damage to PRs than does bolus injection of NT-3.
Transgenic overexpression of NT-3 fails to slow four inherited retinal degenerations
Breedings were made to transfer the NT-3 transgene into lines of mice with four different inherited RDs to determine if, and to what degree, overexpression of NT-3 would slow the rate of PR degeneration. Three of the RD mutants have PR-specific alterations (rd/rd, Rds/+ and Q344ter) and the fourth is missing expression of a gene in retinal pigment epithelial cells that leads to secondary PR cell death (Mertk knockout). In each case, the eyes of mice were examined histologically using epoxy resin-embedded sections for highest light microscopic resolution. The eyes were examined at ages where any slowing of PR degeneration would be seen (LaVail et al., 1998) .
In each of the four crosses, there was no qualitative or quantitative difference between the NT-3 Tg and non-Tg littermates (Fig. 9) . In the case of the Rds/+ retinas, we quantified only the the peripheral retina (Hawkins et al., 1985) . Hawkins et al. (1985) found that the peripheral retina of Rds/+ mice showed significant reduction in thickness at all ages between P56 and 1 year, and that the difference in ONL thickness between the Rds/+ and wild-type at each age examined was 8-12 µm. Thus, if there had been protection from NT-3, we would have seen it in the Rds/+ mouse.
In addition to using PCR to identify those mice carrying the NT-3 transgene in these crosses with RD mutant lines, we confirmed by immunocytochemistry that the NT-3 Tg mice contained an overabundance of NT-3 in the lens and retina, and that the non-Tg mice do not, despite the several breeding crosses. For example, in Figs. 5C-E and Figs. 5H-J, heterozygous Mertk knockout mice with normal retinas that were identified as NT-3 Tg by PCR showed increased NT-3 levels in the lens and retina ( Fig. 5D and I) , as did the wildtype NT-3 Tg mice (Figs. 5A and F). Those mice that did not carry the NT-3 transgene, regardless of their RD genotype, showed no NT-3 immunoreactivity in the lens (Figs. 5H and J) and only endogenous, lower levels of immunoreactivity in the inner retina (Figs. 5C and E), identical to that of non-Tg wild-type mice ( Fig. 5B and G) .
The crosses to produce experimental mice were made with different strains and lines of animals with different numbers of backcrosses to inbred and mixed strains. As noted above in the case of light damage, the presence of modifying genes that slow PR degeneration can be seen when some of these crosses are made (Danciger et al., 2000; LaVail et al., 1987b) . It is highly unlikely that such genes influenced the results in the present experiments with mutant mice, since the state of degeneration for each of the mutants at a given age (Fig. 9 ) was exactly that expected from previous studies.
DISCUSSION
Overexpression of NT-3 affords greater protection from light damage than injection
In this study, we have generated Tg mice that express NT-3 from the lens fibers under the control of the αA-crystallin promoter. The NT-3 is presumably secreted through the lens capsule, then moves through the vitreous and into the retina. This assumption is based on the presence of extremely high amounts of NT-3 in Tg mouse lenses, the presence of NT-3 in the ocular fluids, where it is absent in non-Tg mice, and the elevated amount of NT-3 in the transgenic neural retina as measured by ELISA. In situ hybridizations revealed expression of the transgene in the lens fibers of embryonic Tg mice, but not in the neural retina or other ocular structures, and RT-PCR of adult eyes similarly shows transgene transcription in the lens, but in no other ocular structures.
Intravitreally injected NT-3 protects PR cells in albino rats from degeneration due to the damaging effects of constant light, but its protective effect is significantly less than other agents, such as BDNF, CNTF and bFGF . In the present study with albino mice, a similar low level of protection from light damage was afforded by intravitreal injection of NT-3, even at relatively high concentration. However, the overexpression of NT-3 in albino Tg mice led to significant protection from the damaging effects of constant light on PR cells. This finding adds further evidence that sustained delivery of NTFs is significantly more effective than bolus injection of these agents.
Specificity of NT-3 protection in retinal degenerations
To assess whether NT-3 can also protect PR cells from genetically caused RD, we bred the NT-3 transgene into four lines of mice with inherited RDs. The inherited RDs in these mice represent mutants with PR defects in a structural protein (Rds/+), a transduction enzyme (rd) and the visual pigment, rhodopsin (Q344ter), as well as the knockout of a gene expressed in the retinal pigment epithelium (Mertk). In all of these cases, the overexpression of NT-3 failed to slow the inherited PR degeneration.
There are several implications of these findings. First, our results indicate that different NTFs have different neuroprotective specificities in vivo. CNTF has been found to protect PRs from degeneration in virtually every RD model in which it has been tested, either by intravitreal injection or by continuous delivery (Bok et al., 2002; Cayouette et al., 1998; Cayouette and Gravel, 1997; Liang et al., 2001a; Liang et al., 2001b; Tao et al., 2002; Wang et al., 2002) . In contrast, transgenic overexpression of bFGF protects PRs from hyperoxiainduced damage, but does not slow the degeneration in rd/rd or Q344ter Tg mice (Yamada et al., 2001) . Likewise, transgenic overexpression of human erythropoietin protects PRs from light-induced damage, but does not protect rd/rd or mutant rhodopsin Tg mice (Grimm et al., 2004) . The differing susceptibility of inherited RDs to the protective effect of NTFs has significant ramifications for future therapeutic application of NTFs, suggesting that until some unifying mechanism(s) is discovered, the protective effect of NTFs may have to be determined empirically for specific RDs.
In all RDs that have been examined, PR cell death occurs by apoptosis. Grimm et al. (Grimm et al., 2004) suggest that apoptosis induced by acute light exposure occurs by a different mechanism than apoptosis in genetically based RD. The results of the present study support this possibility. In addition to NT-3 (present study), bFGF (Yamada et al., 2001 ) and erythropoietin (Grimm et al., 2004) , some other agents protect PR cells from oxidative or light stress, but do not slow any or all inherited RDs. These include a free radical trap, phenyl-N-tert-butylnitrone (Ranchon et al., 2003) , a nitric oxide synthase inhibitor, L-NAME (Kaldi et al., 2003) and lens epithelium-derived growth factor (Machida et al., 2001 ). There have also been a number of agents that protect PRs from light-induced damage which have not yet been examined in inherited RD models, such as α 2 -adrenergic agonists (Wen et al., 1996) , a melatonin antagonist (Sugawara et al., 1998) , dimethylthiourea and Ginko biloba extract (Ranchon et al., 1999) and various antioxidants (Reviewed by Organisciak and Winkler, 1994; Penn et al., 1987) . Clearly, the light-induced apoptotic mechanisms are more susceptible to inhibition than those of most inherited RDs. Therefore, the screening of neuroprotective agents with the light-damage model must be followed by demonstration of effectiveness in inherited RD models to demonstrate relevance to human RDs.
Possible mechanisms of NT-3 specificity
The mechanism by which NT-3 provides selective neuroprotection is unclear. Hao et al. (2002) have demonstrated that light-induced RD has at least two apoptotic pathways. One requires rhodopsin activation but not transducin signaling, and is accompanied by the induction of c-fos and the consequent activation of the AP-1 transcription factor. The other pathway is transducin-dependent. Additional pathways of light damage may also exist given the various additional genes that regulate the degree of light damage (Hao et al., 2002) . NT-3 may inhibit an apoptotic pathway induced by light that is not operative in inherited RD. Little is known, thus far, about apoptotic pathways in inherited degenerations, except that c-fos expression has no apparent role in apoptosis in rd/rd (Hafezi et al., 1998) or rhodopsin knockout (Hobson et al., 2000) mice.
It is also important to consider the induced expression of high-affinity neurotrophin receptors and the role of Müller cells in light-damaged and inherited RDs. In normal retinas, the Trk tyrosine kinase receptors to which neurotrophins bind with high affinity are not found in the outer nuclear layer (Cellerino and Kohler, 1997; Perez and Caminos, 1995; Rickman and Rickman, 1996; Rohrer et al., 1999; Suzuki et al., 1998) , which has led, in part, to the "Müller cell hypothesis" of NTF protection of PRs (Harada et al., 2002; Harada et al., 2000; Peterson et al., 2000; Wahlin et al., 2001; Wahlin et al., 2000) . According to this hypothesis, NTFs bind to high-affinity receptors on Müller cells (Harada et al., 2002; Harada et al., 2000; Taylor et al., 2003) , including TrkC to which NT-3 binds (Harada et al., 2000) . Neurotrophin binding leads to altered gene expression in Müller cells (Wahlin et al., 2001; Wahlin et al., 2000) , and to up-regulation of bFGF (Harada et al., 2000) . Müller cells then release bFGF (Harada et al., 2000) , which binds to its receptors located on PRs (Fontaine et al., 1998; Kinkl et al., 2002; Kinkl et al., 2001; Valter et al., 2002) , thereby protecting them from degeneration. Exogenous bFGF protects PRs from degeneration in some inherited RDs (Akimoto et al., 1999; Faktorovich et al., 1990; Lau et al., 2000) and in light-induced degeneration (Faktorovich et al., 1992; LaVail et al., 1992; Masuda et al., 1995) . In light-induced RD, expression of the trkC gene is detected in PR cells (Harada et al., 2000) . Thus, in this situation, NT-3 may act both directly on PRs, which may enhance the survival-promoting capability of NT-3 in this form of degeneration. It is not yet known whether trkC expression in PRs occurs in any inherited RD.
The up-regulation of TrkC receptors in Müller cells may also differ in light-induced and inherited RDs. In light-damaged retinas, TrkC expression in Müller cells is up-regulated (Harada et al., 2000) , which may augment the protective effect of NT-3 in this form of degeneration. The status of TrkC receptors in Müller cells has not yet been explored in inherited RDs.
The incidence or behavior of activated microglia may also differ in light-induced and inherited RDs. Study of the role of microglia in RDs has grown enormously in the past decade (Reviewed in Langmann, 2007; Schuetz and Thanos, 2004) . Strong arguments have been put forth that activated microglia not only phagocytose debris from dying PR cells, but also accentuate or potentiate PR cell death in RDs (Gehrig et al., 2007; Gupta et al., 2003; Roque et al., 1996; Srinivasan et al., 2004; Zeiss and Johnson, 2004; Zeng et al., 2005; Zhang et al., 2004; Zhang et al., 2005) . Other studies support a potential protective role of microglia (Harada et al., 2002; Otani et al., 2004; Sasahara et al., 2008) , with their secretion of many neurotrophic factors, including NT-3 (Harada et al., 2002; Langmann, 2007) . It is clear that different pathways are at play in the activation and regulation of microglia (Langmann, 2007; Schuetz and Thanos, 2004; Yang et al., 2007) , and that different etiologies of PR degeneration may result in different types of microglial involvement (Schuetz and Thanos, 2004) . Indeed, the complexity of the damaging/protective role of microglia is apparent when it is considered that one of the most potent, presumably toxic, pro-inflammatory cytokines released by activated microglia is tumor necrosis factor alpha (TNFα) , and yet TNFα is neuroprotective in light-induced RD . A neuroprotective role for TNFα has not been examined in inherited RDs.
In summary, we have tested the hypothesis that sustained delivery of NT-3 in the eye can offer neuroprotection to photoreceptors subjected to either constant light or several different inherited retinal degenerations. Sustained ocular delivery of NT-3 in the eye was achieved using a transgene construct designed to express NT-3 specifically in the lens. Despite production and secretion of NT-3 by the lens, the lens remains clear and morphologically normal. We found that neuroprotection by NT-3 depended on sustained transgene-mediated delivery, as bolus injections of NT-3 were far less effective. Neuroprotection was specific for light-induced photoreceptor damage, as no protection was seen with four different genetic RD models. Therefore these mice provide a model system to distinguish the molecular mechanisms of apoptosis and neuroprotection for light-induced versus inherited retinal degenerations. The NT-3 construct used to generate transgenic mice. The murine αA-crystallin promoter was linked to an 800 bp rat NT-3 cDNA followed by SV40 virus derived sequences including a 64 bp intron (represented by the line connecting the SV40-labeled box to the pAlabeled box) and polyadenylation site (SV40pA). Locations of primers used for genotyping and RT-PCR are indicated by labeled arrowheads. Lens-specific transgene expression. Histological sections of E14.5 OVE613 Tg embryos were used for in situ hybridizations to riboprobes specific for the SV40 sequences present in the transgene. Hybridizations were done using an antisense riboprobe (A and B) and a sense riboprobe (C and D) . Results are shown in bright-field (A and C) and corresponding darkfield (B and D) photomicroscopy. Transgene transcripts are indicated by silver grains. Hybridization signals were confined to the lens (L) with no hybridization detected in the neural retina (NR) or cornea (C). Non-Tg embryos showed no hybridization to either the antisense or sense riboprobes (data not shown). The melanin in the pigmented retinal pigment epithelium (RPE) appears bright in dark-field illumination (B and D) . The lens sections demonstrate a non-specific glow with dark-field illumination that is unrelated to the hybridization signals (D). Hybridization signals were confined to the lens (L) with no hybridization detected in the neural retina (NR) or cornea (C). Scale bar = 200 µm. NT-3 transgene expression in adult eyes. Ocular RNAs were amplified by RT-PCR using primers SV40A and SV40B. These primers amplify a 236 bp fragment from reverse transcribed mRNA in tissues expressing the transgene. The 236 bp fragment is present in reverse transcribed (RT +) lens RNA from the OVE613 and OVE614 transgenic lines (lanes 5 and 8). These primers amplify a band of 300 bp from transgenic genomic DNA (lane 3). No amplification is seen with nontransgenic FVB/N genomic DNA (lane 4). A 300 bp band, most likely representing contaminating genomic DNA, is amplified from lens RNA untreated with reverse transcriptase (RT -) (lanes 6 and 9) and from reverse transcribed total RNA isolated from the rest of the eye (ROE) (lanes 7 and 10). ELISA measurements of NT-3 expression. NT-3 protein levels were assayed in the lenses, ocular fluids and retinas of Tg and non-Tg mice. The lenses of NT-3 Tg mice contain about 40 times as much NT-3 as non-Tg lenses. The ocular fluids (vitreous and aqueous humor) contain detectable NT-3 in the Tg but not non-Tg mice. The NT-3 content of the retinas in Tg mice is twice that of non-Tg mice. The lenses, retinas and ocular fluids (aqueous and vitreous humors combined) were harvested from 13 separate NT-3 Tg mice and 20 non-Tg mice at P70-75. The tissues from both eyes of each mouse were pooled so that the values shown are per two eyes. *P < 0.005; **P < 5 × 10 −6 ; ***P < 5 × 10 −19 . The small amount of ocular fluid was difficult to collect, and in 7 of the 13 Tg animals the NT-3 level was below the limit of detection. If these 7 mice are omitted from the calculation, the value of the ocular fluids is 4.81 ± 3.07 ng/ml, and the statistical difference between the Tg and nonTg mice is more significant (P < 5 × 10 −7 ). Immunocytochemical assays for NT-3. Cryostat sections of retinas (top row) and lenses (bottom row) were assayed for NT-3 protein (red fluorescence) A and F, NT-3 Tg mouse with normal retina at age P409. B and G, non-Tg BALB/c mouse with normal retina at P413. C, D, H and I, mertk kd /+ mice, with normal retinas. C and H are non-Tg for NT-3, P150; D and I are Tg for NT-3, P180. E and J, mertk kd /mertk kd mouse, non-Tg for NT-3, with loss of photoreceptors at P180. Immunoreactivity with antibodies to NT-3 was present in the inner retina of both NT-3 Tg and non-Tg mice (A-E), and in the lenses of only the NT-3 Tg mice (F and I). The immunoreactivity in the lenses of Tg mice was present in the lens fibers (LF), but not in the lens epithelium (LE). In the retinas of NT-3 Tg mice (A and D), the intensity of immunoreactivity was greater than in the non-Tg mice (B, C and E). In both Tg and nonTg retinas, NT-3 was detected primarily in the outer plexiform layer (OPL) and inner plexiform layer (IPL), with some signal present in neuronal cytoplasm in the inner nuclear layer (INL) and ganglion cell layer (GCL). Little or no signal was found in the outer nuclear layer (ONL) or among the photoreceptor inner segments, although the very small flecks of apparent immunoreactivity in the ONL in the Tg retinas (A and D) may represent Müller cell or PR localization. The apparent immunoreactivity of photoreceptor outer segments (OS) is due either to non-specific binding or autofluorescence, since it was still seen in control experiments in which the primary antibody was omitted (data not shown). Scale bar = 25 µm. Representative ERG waveforms from non-Tg and NT-3 Tg mice. Scotopic (A) and photopic (B) waveforms from single mice at the age of P180 are shown. The ERG responses from the Tg mice were indistinguishable in amplitude and timing from the responses of wild-type littermates at this and earlier ages. Arrows indicate the time of stimulus onset. Overexpression of NT-3 protects photoreceptors from constant light-induced degeneration. Light micrographs of the posterior retinas of NT-3 Tg mice either maintained in cyclic light (A) or exposed to constant light for 3 wks (B), and of a littermate non-Tg mouse exposed to 3 wks of constant light (C). A, The retina of the Tg mouse maintained in cyclic light is indistinguishable from that of wild-type, non-Tg mice. B, After 3 wks of constant light, the retina of the NT-3 Tg mouse shows the loss of most photoreceptor outer segments, but more than 50% of the photoreceptor nuclei in the outer nuclear layer (ONL) survived the light exposure. C, After 3 wks of constant light, the retina of the non-Tg mouse showed significantly greater damage than that of the NT-3 Tg mouse, with only a single row of photoreceptor nuclei surviving. Retinas from all were taken at P79; B and C, mice were placed into constant light at P58. IS, inner segments; OS, outer segments; RPE, retinal pigment epithelium. Scale bar = 25 µm. Protection from constant light (CL) damage by Tg overexpression of NT-3 and intravitreally injected NT-3. Outer nuclear layer (ONL) thickness is a measure of photoreceptor number. A, NT-3 Tg mouse retinas show survival of significantly more photoreceptor nuclei than non-Tg littermates after 2 or 3 wks of CL. *P < 5 × 10 −5 ; **P < 5 × 10 −7 B, Protection by Tg expression compared to protection by intravitreal injection of NT-3. The data from panel A are expressed as "percent greater than control" in B. The NT-3 injected eyes (Inj) show significantly less protection from the damaging effect of CL than that seen in mice with Tg overexpression of NT-3 (P <0.005 at both 2 wk and 3 wk). The difference between the injected and control eyes was significant at both 2 wk and 3 wk (P < 0.005 and P <0.01, respectively). All mice were put into CL at P58, and the data are based on 6-7 mice in each group. The ONL thickness of wild-type mice at this age is 40-45 µm. Overexpression of NT-3 fails to slow photoreceptor degeneration in 4 inherited models for retinal degeneration. NT-3 Tg mice were bred to rd/rd, Q344ter/+, Rds/+ and mertk kd mice to provide retinal degeneration mutants either expressing the NT-3 transgene (Tg) or not (Non-Tg). The outer nuclear layer (ONL) thickness (mean ± SD) was determined at ages where protection would have been seen. No significant differences were found between the NT-3 Tg and non-Tg mice in any of the mutants. The ages and the number of mice quantified were the following: rd/rd, P20, n = 5 Tg and 5 non-Tg; Q344ter/+, P20, n = 5 Tg and 5 non-Tg; Rds/+, P55-P60, n = 9 Tg and 9 non-Tg; and mertk knockout, P40, n = 5 Tg and 7 non-Tg. As described in the Methods, the mean ONL thickness of each eye was based on 54 measurements around the eye, except for the Rds/+ mice, where 6 measurements were made in the peripheral 500 µm of both the superior and inferior hemispheres (i.e., 12 measurements from each eye). The mean ONL thickness of the peripheral retina of wildtype mice was 37.1 ± 2.9 µm.
